This study evaluates the influence of hydraulic retention time (HRT), solar radiation, and water temperature on phosphorus removal from two experimental high rate oxidation ponds (HROP) with clarifiers. Both HROPs were operated for a period of one year with different HRTs (3 to 10 d), but under the same environmental conditions. Phosphorus species, phytoplankton biomass, solar cumulative radiation, water temperature and pH were measured once a week. Average total phosphorus removal (TP) was higher in the HROP operated with a higher HRT (43%) than in that using a lower HRT (32%). TP removal was due to dissolved reactive phosphorus (DRP) removal in the mixed liquor of the HROPs and transformation of DRP into particulate phosphorus (PP), with subsequent sedimentation of PP in the clarifiers. The influence of HRT on TP removal was due mainly to its control over DRP removal, which was observed to be more important in autumn and winter. The lowering of solar radiation and temperature in autumn and winter and their influence on DRP removal can barely be compensated by HRT to obtain a significant TP removal. This work indicates that DRP transformation into PP depends mainly on environmental factors through their mediated influence on pH and chemical precipitation.
Introduction
High rate oxidation pond (HROP) technology was introduced in California in the 1950s, with the aim of reducing the surface area required by conventional oxidation ponds (Oswald and Gotaas, 1957) . HROPs are shallow (30 to 40 cm) and operate by means of mechanical mixing. The energy applied to stir the mixed liquor promotes the growth of the phytoplankton and prevents its settling (Oswald, 1988a) . HROPs need a lower mean hydraulic retention time (HRT) than oxidation ponds to treat the same wastewater flow (Abeliovich, 1986 ).
An HROP is an aerobic reactor where organic matter removal is achieved by a mutualistic relationship between bacteria and phytoplankton (Fallowfield and Garret, 1985; Abeliovich, 1986) . The oxygen required for aerobic bacterial decomposition of organic matter is provided by photosynthesis, whereas carbon dioxide, ammonia and orthophosphate needed for phytoplankton growth are supplied from bacterial decomposition and from wastewater. The biomass produced in an HROP is due mainly to phytoplankton and should be subsequently separated to complete the wastewater treatment.
HROPs are usually designed for secondary treatment of wastewater; nevertheless, some removal of nutrients occurs (Oswald, 1988b) . Nutrient uptake by phytoplankton and subsequent biomass separation causes removal (Nurdogan and Oswald, 1995; Cromar et al., 1996) . In addition, phytoplankton photosynthetic activity raises pH in the pond, resulting in ammonia stripping and orthophosphate precipitation (Moutin et al., 1992) . Phosphorus removal is concomitant with the biomass separation.
Phosphorus in urban wastewater appears mainly as phosphates, which are classified as orthophosphates, polyphosphates and organically-bound phosphates (Standard Methods, 1995) . During wastewater treatment in HROPs, complete hydrolysis of polyphosphates and decomposition of organically-bound phosphates results in the formation of orthophosphates (Nurdogan and Oswald, 1995) . Most studies on the role of phytoplankton in orthophosphate removal point out that precipitation is more important than algal uptake (Shelef et al., 1982; Picot et al., 1991; Moutin et al., 1992; Nurdogan and Oswald, 1995) . The high pH reached in HROPs and the supersaturation of orthophosphates, hydroxides, and carbonates with respect to calcium, magnesium and other metals promote chemical precipitation. In contrast with all of these studies, Mesplé et al. (1995) have estimated that most of the orthophosphate removal occurs by phytoplankton uptake.
In this paper the influence of environmental factors (HRT, solar radiation and water temperature) on phosphorus removal is studied when the HROPs are operated to reach secondary treatment standards. The influence of phytoplankton biomass and pH on phosphorus removal is also evaluated.
Experimental
Two experimental HROPs provided with low surface-loading rate clarifiers for phytoplankton separation were used. The experiments were carried out for a period of one year, from June 1993 to July 1994. The HROPs were constructed in PVC in a raceway form. Figure 1 shows the top and side view of the HROPs, showing size and shape, the location of the inlet and outlet and the six-paddle wheel mixer. Their surface area was 1.54 m 2 , the depth 0.3 m and the volume 0.47 m 3 . The turning speed of the paddle wheel in both HROPs was maintained at 4 r/min, giving a mid-channel velocity of 9 cm/s. The mixed liquor from the HROPs passed on to the PVC clarifiers. Figure 2 shows a schematic diagram of the side and top Available on website http://www.wrc.org.za view of the clarifiers showing size and shape and the location of the inlet, the outlet and the phytoplankton sludge purge. An electric rotary comb was installed to prevent fouling inside the walls. The central toothed weir kept the depth of the HROP constant. The clarifiers surface area was 0.0255 m 2 . Municipal wastewater from the nearest street sewer was pumped to a 500 l tank (primary clarifier) once a day. After resting for 30 min, wastewater was added to a 500 l storage tank until full. From here, two peristaltic pumps fed the HROP continuously. In the storage tank, the resting wastewater not fed to the HROP and the new pumped water were mixed every day. Previous experiments demonstrated that influent HROPs quality did not show significant daily variations. Table 1 shows the main physical and chemical characteristics of the influent. The average concentration of suspended solids and COD was lower than in typical raw wastewater due to the previous treatment in the primary clarifier and because of the residential nature of the area. The concentration of nitrogen and phosphorus was only affected slightly by the primary clarifier because they were present mainly as dissolved inorganic compounds. All of these characteristics caused a weak to medium influent wastewater according to the criteria of Metcalf and Eddy (1991) , with a nontypical COD/N/P ratio.
Wastewater flow was used to control the HROPs mean HRT. The mean cellular retention time was identical to HRT because the system did not have biomass recycling. HRT was regulated according to the recommendations of Oswald (1988a; 1988b) and previous experiments which showed that an HRT ranging from 3 to 10 d in summer and winter respectively was enough to achieve secondary treatment and ammonia removal. During spring and summer, HROP A was operated with an HRT of 7 d, while HRT in HROP B was 4 to 5 d. During autumn and winter, HROP A was operated with an HRT of 10 d, while in HROP B it was 8 d. Nevertheless, during March and several days of April 1994, it was necessary to increase the HRT of HROP B in order to reduce the concentration of suspended solids in the effluent and to ensure secondary treatment. In July 1994, HRT was reduced to 4 d in HROP A and 3 d in B in order to check performance at low HRT. The combination of the HRT adopted in each HROP gives six operation periods in which the HROPs operated in parallel with different HRT (except March 1994) but with the same environmental conditions. The loads applied ranged between 8.2 to 28 g COD/m 2 ·d, 1.6 to 5.2 g N/m 2 ·d and 0.3 to 0.9 g P/m 2 ·d, and fell within the ranges usually used in these types of ponds (Metcalf and Eddy, 1991) . The surfaceloading rate of the secondary clarifiers ranged from 2 to 6 m 3 /m 2 ·d, according to the HRT applied to the HROP.
Grab samples of the HROP influent (effluent of the storage tank), mixed liquor and effluent of the clarifiers were taken weekly, always at midday.
Dissolved reactive phosphorus (DRP), which is largely a measure of orthophosphate (Standard Methods, 1995) , was analysed from filtered samples. Total phosphorus (TP) was analysed from 
Figure 2
Diagram of the top and side view of the experimental clarifiers raw samples using the persulfate oxidation technique: the organically-bound phosphates and polyphosphates are converted to DRP after digestion, which is analysed together with the DRP. Dissolved phosphorus (DP) was analysed from filtered samples in the same way as TP. The difference between DP and DRP makes it possible to estimate the sum of dissolved organically-bound phosphates and dissolved hydrolyzable phosphates, which we have called dissolved organic and hydrolyzable phosphorus (DOHP). Particulate phosphorus (PP), which includes particulate organically-bound phosphates, particulate hydrolyzable phosphates and DRP associated with particles, was determined by the difference between TP and DP. pH was measured with a Crison Portable 506 pHmeter.
Phytoplankton biomass was estimated by spectrophotometric quantification of chlorophyll a with 90% acetone extraction after 24 h, at 5°C in darkness (Jeffrey and Humphrey, 1975) . The phytoplankton composition was studied with a Nikon 104 microscope with phase contrast.
Solar radiation measurements were provided by a nearby meteorological station. Water temperature was measured in the mixed liquor of both HROPs.
The flow pattern of the experimental HROPs was previously evaluated with fluorescein tracer. The HROPs behaved almost as perfect complete-mix reactors within the range of HRTs used (3 to 10 d). In accordance with this, the following mass balance with respect to DRP concentration for HROP can be applied:
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The observed values of k A were used to evaluate the influence of phytoplankton biomass, pH and the environmental factors on DRP removal. They were calculated employing only data from samples that fulfilled the following requirements:
• number of days above 3HRT after any modification of HRT, and
• less than 10% difference between cumulative weekly inflow and outflow.
Weekly cumulative outflow was calculated taking into account cumulative evaporation and rainfall. As intermediate correlations were suspected between pH, phytoplankton biomass and the k A from HROP B, the structure of the relationship between these three variables was evaluated with the statistical procedure proposed by Legendre and Troussellier (1988) . This procedure makes it possible to detect spurious correlations between variables. Firstly, the possible interaction models between the variables are established. Secondly, the predictions derived from each interaction model are verified with the Mantel random test. The model with all of its predictions made -and only this model -cannot be rejected. The Mantel test between two variables uses a distance matrix for each variable, from which the correlation is calculated by means of the Mantel statistic. In this study, these matrices were obtained from the differences (in absolute value) between all possible pairs of data of each variable. The Mantel statistic is calculated as the sum of the cross-products of the corresponding values in the two matrices (Z= ΣΣ x ij y ij ). After that, the Mantel statistic is tested for significance of independence (no correlation between the variables). The significance in this study was determined by randomly permuting 100 times the order of the elements of one of the two distance matrices and calculating the Mantel statistic each time. If the variables are not correlated, any random permutation must have a Mantel statistic value equal to or higher than that observed in the real sequence (null hypothesis). When less than 5 of the 100 permutations have Mantel statistic values equal to or higher than that observed in the real sequence, it is considered that the variables are correlated (alternative hypothesis). The Mantel test between three distance matrices (A.B).C, each one derived from a variable, is the partial Mantel test of the values of A and B, conditioned by the values of C (the residuals of the linear regression of A and C, and B and C are used for the calculation of the distance matrices). All of the calculation procedures associated with the Mantel test were carried out with the statistical package R (Legendre and Vaudor, 1991). Table 2 shows the average concentration of TP, PP, DOHP and DRP during the overall study in the influent, the mixed liquor and the effluent. TP concentration in the mixed liquor of both HROP was higher than in the influent due to accumulation because the estimated total loss of water by evaporation (1 380 mm) was higher than rainfall measurements (540 mm). Average TP removal was higher in HROP A (43%) than in B (32%) in accordance to the higher HRT used in HROP A. The average proportion of phosphorus species during the overall study varied between influent, mixed liquor and effluent. DRP concentration was higher in the influent (80%) than in the mixed liquor (22% in HROP A and 31% in B), while PP concentration was higher in the mixed liquor (72% in HROP A and 62% in B) than in the influent (14%). These results are related to phytoplankton metabolic activity, which reduces DRP and increases PP in the mixed liquor by incorporating DRP in the algal cells (by chemical precipitation onto the cell walls and by uptake). The average proportion of DOHP was similar in the influent (7%) and in the mixed liquor (6% in HROP A and 7% in B). DRP was the most important phosphorus species in the effluent (63% in HROP A and 65% in B) due to PP sedimentation in the clarifier. The slightly higher DRP concentration in the effluent of both HROP than in the mixed liquor was due to respiration of algal biomass settled in the clarifier, which resulted in a pH reduction that promoted redissolution of PP as DRP. As is shown in Table 2 , there is little difference between influent and effluent PP values. However, it should be taken into account that influent PP is related to fine particulate organic matter and bacteria, while effluent PP is related to algal cells that escaped from the clarifiers. Figure 3 shows the evolution of phytoplankton biomass and pH in the mixed liquor of both HROPs for the entire period of study. Chlorophyll a concentration and pH had a prevailing seasonal trend in both HROPs, with higher values in spring and summer, and lower values in autumn and winter. Figure 4 shows the temporal evolution of TP concentration in the influent and the effluent of both HROPs; HRT, mean solar radiation and temperature for each operation period are also shown. Figure 5 shows the evolution of the phosphorus species in the effluent of both HROPs. In operation period I, TP effluent concentration was normally higher in HROP B than in A, especially at the end of the period. These higher values were related to a clearly higher DRP concentration in HROP B in September and October. In fact, during a part of these months, HROP B had a slightly higher effluent TP concentration than that observed in the influent. This could be due to phosphorus accumulation as a result of water losses by evaporation or/and by underestimation of influent TP because influent values were only representative of one daily grab sample, while effluent was representative of several days influent. In all the instances, these results indicate that HROP B did not remove phosphorus in those months. The DRP concentration increases at the end of this period in the effluents of both HROPs were related to the seasonal lowering of solar radiation and temperature, which, in turn, caused a decrease in the mixed liquor phytoplankton biomass concentration and in the pH (especially in HROP B). In operation period II, TP effluent concentration was lower in HROP A than in B throughout. This trend was also related to the fact that DRP concentration in HROP B was higher than in A. The decrease in solar radiation and temperature in this period (autumn and winter) gave as a result the lowest phytoplankton biomass concentration and pH observed during the overall study, which, in turn, produced the highest DRP concentration observed in both HROPs. During operation period III, TP effluent concentration was lower in HROP B than in A, also in connection with a lower DRP concentration. This result seems to be rather illogical, because the two HROPs operated in this period with the same HRT. However, it can be attributed to the effect of increasing the HRT in HROP B from period II to III, which resulted in a drastic increase in phytoplankton biomass concentration and pH in connection with the higher solar radiation and temperature observed at the beginning of spring. TP and DRP effluent concentration was lower in HROP B in operation period IV. Within this period, pH was clearly higher in HROP B than in A, while phytoplankton biomass concentration was similar. In operation period V, both HROPs attained a similar TP effluent concentration and the highest phosphorus removals during the overall study were observed here. This is one of the three larger operation periods (I, II and V) with the highest solar radiation and temperature which resulted in a high phytoplankton biomass concentration and pH. In the last operation period, high TP removals were also observed in both HROPs. However, effluent TP (and DRP) concentration increased at the same time as phytoplankton biomass, and pH tended to reduce as a result of the low HRT used in both HROPs. Figure 5 shows that the sum of DOHP and PP concentrations had a similar temporary evolution in the two HROPs, mainly in relation to PP variations because PP concentration was clearly higher than DOHP concentration (see Table 2 ). The highest values of the sum of DOHP and PP were observed in both HROPs at the beginning of the study and during spring, when the phytoplankton was dominated by the algae Dictyosphaerium pulchellum and Scenedesmus acutus. These green algae were present in the mixed liquor as discrete non-flocked particles and did not settle in the clarifiers, raising the PP concentration of the effluent. During those periods the sum of DOHP and PP concentrations was higher than DRP concentration in both HROPs. DRP concentration in both HROPs had a prevailing seasonal trend opposite to that observed for phytoplankton biomass and pH, with higher values in autumn and winter. Although for a large part of these seasons both HROPs operated with the higher HRT during the overall study, it was not enough to reduce DRP concentration to a similar level as the rest of the time. This result manifested the importance of solar radiation and temperature as indirect control factors for DRP removal through its influence on phytoplankton biomass concentration and, in turn, on pH.
Results and discussion
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Influence of HRT on DRP removal in the mixed liquor
The methodology used makes it possible to compare the influence of HRT on DRP concentration, because the two HROPs were operated under the same environmental conditions. Table 3 shows the average concentration of DRP, chlorophyll a and pH in the mixed liquor of both HROPs for each operation period, and the results of the ANOVA from the comparison of the DRP averages. Periods III and IV were not considered in this analysis because they were very short and only very few data fulfilled the two requirements stated in the Experimental section. As can be observed, the higher HRT used in HROP A caused a lower average mixed liquor DRP concentration in all of these periods. However, the ANOVA method indicates that only operation period II (which contained data mainly from autumn and winter) had a significantly different DRP concentration. This result shows that the HRT influence is more important during periods with low solar radiation and temperature. The pH was systematically higher in HROP A than in B for all of the periods, while the phytoplankton biomass did not follow this trend.
Influence of phytoplankton biomass, pH and environmental factors on DRP removal in the mixed liquor Table 4 shows the Pearson linear correlation between the natural logarithm of k A and solar radiation, water temperature, phytoplankton biomass and pH. Correlations were positive, high and significant, except for phytoplankton biomass in HROP A. These results
Figure 6
Interaction models between phytoplankton biomass, pH and natural logarithm of k A in HROP B. Also shown are the predictions and the results of the Mantel test applied to the predictions. Available on website http://www.wrc.org.za indicate that DRP removal in both HROPs was greatly influenced by seasonal changes in solar radiation and temperature. The effect of these environmental factors on DRP removal is indirect through their influence on both phytoplankton biomass and pH. However, in HROP A, pH was correlated with ln k A while phytoplankton biomass was not, suggesting that chemical precipitation was the principal direct process for phosphorus removal. In HROP B, both phytoplankton biomass and pH were correlated with ln k A . Also in this HROP, phytoplankton biomass and pH were correlated (0.620), while they were not in HROP A (0.184). Consequently, and taking into account the results obtained in HROP A, it was suspected that the correlation between phytoplankton and ln k A in HROP B might be spurious and due to their common correlation to pH. The procedure of Legendre and Troussellier (1988) was used to evaluate the structure of the relationship between these three variables in HROP B. Figure 6 shows the four possible interaction models between the variables, the predictions of each model and the computed results for the verification of the predictions with the Mantel test. When a prediction is not zero, this means that the variables involved are correlated. For example, in model III the first prediction indicates that phytoplankton biomass (1) is correlated with pH (2). The Mantel test confirms this prediction ("yes" in the computed results column). As another example, (1.2).3 <1.2 in model III means that the Mantel statistic calculated between phytoplankton biomass residuals and pH residuals (the residuals were obtained from the linear regression of ln k A and phytoplankton biomass, and from ln k A and pH) is lower than the Mantel statistic calculated between phytoplankton biomass and pH directly. This prediction was confirmed by the data and appears as "yes" in the computed results column. As can be observed, models I, II and IV are not supported by the data, because one or several predictions are not made. All ten predictions of model III are made, and as a result this model -and this model only -cannot be rejected. This model confirms that the positive and significant Pearson correlation between phytoplankton and ln k A was due to their common correlation to pH. The conclusion is that in HROP B pH and ln k A are directly correlated, while phytoplankton biomass and ln k A are not, suggesting that chemical precipitation was also the principal direct process for phosphorus removal in this HROP.
PP removal in the secondary clarifier
TP removal in the experimental system tested occurs by DRP removal in the mixed liquor as a result of their transformation to PP and subsequent PP removal in the clarifiers. It was observed that mixed liquor PP was positively correlated with phytoplankton biomass (0.728 for HROP A and 0.703 for B), and PP removal was related to the clarifiers' phytoplankton biomass separation efficiency. PP mixed liquor average removal efficiency was higher in HROP A (82%) than in B (73%) since the effluent had a very similar PP concentration, while mixed liquor PP was present at a higher concentration in HROP A (see Table 2 ). The absence of clarifiers in this study would not have allowed TP removal because TP average concentration in the mixed liquor of both HROPs was higher than that observed in the influent. Other workers (El Halouani, 1990; Mesplé et al., 1995) have recorded TP removal in the mixed liquor and have related this phenomenon to chemical precipitation of orthophosphate. In these studies, as may be assumed that a small fraction of the phytoplankton settled at the bottom of the HROP, while chemical precipitation occurs on the algal cell walls (Sukenik et al., 1985) .
Conclusions
• Phosphorus removal in HROPs operated to reach secondary treatment standards is partly controlled by the HRT through its influence on DRP removal in the mixed liquor. HRT influence is more important during periods with low solar radiation and temperature (autumn and winter) because DRP removal is also affected by these environmental factors. Although both HROPs operated in autumn and winter with the highest HRT of all of the study period, DRP mixed liquor concentration observed in these seasons was the highest. This indicates that the lowering of solar radiation and temperature is barely compensated by the increase of HRT, at least in a practical range of HRT to achieve secondary treatment standards.
• The principal mechanism of phosphorus removal in an HROP with a clarifier is the incorporation of DRP into the phytoplankton biomass in the mixed liquor as PP (as a chemical precipitate on the cell wall), followed by PP separation in the clarifier. The critical point of the mechanism is DRP incorporation, which depends on solar radiation, temperature and HRT though their influence on pH and chemical precipitation. Phytoplankton uptake appears to be a minor process for DRP removal in comparison to chemical precipitation.
